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ABSTRACT
The rate of secretion of the foreign protein S. pombe acid 
phosphatase was examined to determine the effect of temperature 
variation on the secretion of the yeast Saccharomyces cerevixiae. 
Temperature variations were studied both under steady state and 
transient conditions. The optimal growth temperature of the 
yeast cells is 30 °C. However, this temperature may not be the 
optimal temperature for the production of extracellular protein.
A method of determination for the secretion rate of acid 
phosphatase, AP, is presented. AP reacts with colorless p- 
nitrophenol phosphate to produce yellow p-nitrophenol and 
inorganic phosphate. The extent of reaction is measured with a 
spectrophotometer set at 43S nm.
It was determined from steady state conditions that the 
optimal temperature for the secretion of AP was 27.5 °C. These 
results confirm the general belief that the temperature for 
optimal secretion is not at the optimal growth temperature.
Under transient conditions, it was determined that the 
secretion rate of AP was significantly reduced. For the time range 
measured, a new steady state for AP secretion had not been 
reached after the temperature step change.
INTRODUCTION
Yeast possess many characteristics which are desirable to 
the pharmaceutical industry of today. Safety wise, it is termed 
ORAS, or generally recognized as safe. Yeast lacks the endotoxins 
that are present in other unicellular microorganisms, and is 
therefore the organism of choice for the production medicines for 
both consumption and application.
The eucaryotic properties possessed by yeast have come 
under recent scrutiny due to similarities between mammalian 
cells. As a result, yeast has become well characterize, and is being 
continually genetically mutated to meet the ever changing needs 
of man.
One of the current areas under study, is the secretory 
pathway. Through the secretory pathway, proteins exit the cell 
and escape to the endoplasmic reticulum. The motivating factor 
behind the understanding of the secretory pathway, is that 
proteins that are mass produced within the cell can be passed 
outside without difficulty. Currently, studies are under way to 
enhance the secretory pathway through manipulation of both 
genetics and environment. Economically, the inverse relationship 
between separation costs and final concentration of the product in 
the media provides an incentive towards maximizing the amount 
of protein secreted during the fermentation.) 11
I
Some of the environmental factors effecting the rate of 
secretion are: temperature variation, calcium concentration, 
osmolarlty, and tunicamycin.|2|
In particular, the temperature of the growth medium may 
significantly influence the rate of secretion of a foreign protein in 
yeast.|3| There are several reasons as to why temperature may 
effect the secretion rate of a protein. First of all, temperature 
effects the permeability of the cell wall. At higher temperatures, 
the cell wall becomes more permeable. However, as the 
temperature rises, the protein becomes more unfolded. As the 
protein unfolds, heat shock proteins bind to it, hindering the 
secretion. Finally, at lower temperatures, cell growth is slowed. 
This decrease in growth leads to the decrease in protein 
production. Due to these counteractive environmental factors, an 
optimal value for both growth and secretion is sought. It should 
be noted, however, that conditions optimal for protein stability 
and activity may be suboptimal for efficient fermentation of the 
yeast strain. Thus, culture conditions should be formulated which 
optimize both aspects of the production process.)41
Investigation of the yeast strain Saccharomyces cerevisiae 
will aid in the determination of an optimal temperature for both 
secretion and growth. It has been previously determined that the 
cells will grow optimally at 30 °C. Therefore, temperatures will be
studied in the range of 22.5 °C to 37.5°C to determine if an 
optimum between secretion and growth exists.
MATERIALS AND METHODS 
Yeast Strain and Storage
The yeast strain used in this investigation was SE7-6: pyc 
aPPHO (aFPHO). aFPHO is a strain of the yeast Saccharomyces 
C erevisiae which contains a plasmid with an a-factor promoter. 
The a-factor promoter is a well characterized promoter which tells 
the gene to continually produce the protein. Connected to the 
promoter on the DNA strain is a signaling sequencer which 'tells' 
the PHO protein to secrete from the ccll.|5| Although little is 
known about the secretion path it is known that the protein 
leaves the cell nevertheless.
A working stock of the cells was stored cryogenically in a - 
70 °C storage tank containing liquid nitrogen . Experimental cells 
were obtained by scraping the frozen stock with a Gilson pipet, 
and streaking them on an agar plate. Previous investigators had 
stored cells in a 4 °C refrigerator on a working stock known as a 
'slant'. Unfortunately, it was determined that the cells continued 
to grow at the reduced temperature. As the cells grow, a fraction 
of them lose the plasmid that produces AP, since the plasmid does 
not occur naturally in the cell . Although the growth was limited 
at the reduced temperature, it affected the reproducibility of 
subsequent AP assays.
Strain. ■■Rgyival and Qmmh Condi lions
As was mentioned previously, the cells were stored in liquid 
nitrogen at -70 °C\ Cells were revived for an experiment by 
scraping them from the top of a frozen slant. After enough cells 
had been scraped off, the working stock was returned 
immediately to the cryogenic storage to avoid thawing.
The revived cells were spread throughout the agar plate by 
the use of an inoculating loop. The plates were then incubated at 
30 °C in a Stabil-Therm dry type bacteriological incubator for 
three to five days. After the cells had reached experimental size, 
an isolated colony was removed from \hc plate and placed in an 
overnight culture tube containing 4 ml of pre-warmed liquid 
growth medium. The overnight tube was grown for twenty four 
hours at 30 °C.
Next, three 25(^oiL-#Mt armed erlcnmeyer flask with 50 ml 
of growth medium (75 ml for transient studies) were prepared for 
experiment. Depending on growth temperature, the flasks were 
inoculated in a series of concentrations from 16 to .6 ml of 
solution from the overnight tubes. Flasks were inoculated at 
varying dilutions so that experiments could be run conveniently 
the following day. Experiments were run at kletts of 25, 50, 75, 
and 100 for constant temperature studies. These klett values 
were determined by a previous investigator to be in the linear 
region of the exponential growth phase for the yeast strain. The
lag lime, or time to reach the exponential growth region, varied 
between 8 and 12 hours depending upon both growth 
leutprature and amount of inoculum transferred to the klett
For transient studies, samples in the 250 ml flasks were 
grown initially at 30 °C with experiments run at kletts of 25 and 
50. At a klett of 50, two 25 ml samples were removed from the 
original flask and placed into individual flasks. These flasks were 
placed into two separate constant temperature water baths, step 
changing the flasks to both a higher and lower temperature. 
Experiments were then run on both split samples when the higher 
temperature split sample reached klett values of 75 and 100.
Acid...Phosphatase
Acid phosphatase, AP, is a non-selective enzyme which 
under acidic conditions catalyzes phosphate removal. AP 
catalyzes the cleavage of the 3 aromatic groups of p-nitropheno! 
phosphate, p-NPP, reducing the p-NPP to p-nitrophenol, p-NP, and 
inorganic phosphate:
NO,
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The aromatic p-NP product turns yellow under alkaline conditions 
due to the deprotination of the hydroxyl group. The amount of AP 
present in a sample can be measured indirectly with the aid of the 
Shimadzu spectrophotometer by measuring the absorbance of the 
yellow products at 435nm.
Acid Phosphatase Assay
Consult appendix B for assay preparation. Cell 
concentrations were determined by placing the side arm of klett 
flask into the klett meter. The klett reading was obtained by 
aligning the adjustable knob with the reading arrow. Next, a 
sample was removed from the flask and placed into a micro- 
centerfuge tube and centrifuged for l-2minutes. Next, the 
supernatant was drawn off from the centrifuge tube and placed 
in a separate tube. The centrifuged cells were resuspended in 
pH=4.0 acetate buffer to obtain an equivalent klett of SO from the 
following formula:
(1) Resuspended volume = (sample volume)*fklett reading)
50
In preparation for the next step, the resuspended cells were 
vortexed once the acetate buffer had been added. Six of the pre­
warmed centrifuge tubes containing 0.6 ml of p-NPP each were 
removed from the constant temperature water bath. With the 
Eppendcrf repeater pipettor set at 5 and a 0.5 ml Combitip, the 
contents of the supernatant tube were transfered into the pipet.
0.05 ml of supernatant was pipetted into each of three tubes. 
These samples were vortexed and placed into the constant 
temperature water bath for 10 minutes. The three remaining 
tubes were filled in the same manner, vortexed, and placed in the 
water bath for 10 minutes. The above process was repeated for 
the cells resuspended in acetate buffer.
When the time expired, the tubes were removed from the 
constant temperature bath and place in the ice bath. Into each 
tube, 0.7 ml Na2CO? and 0.15 ml of 25% TCA was added. These 
samples were Vortexed and transfered to cuvets. To each cuvets, 
1.4 ml of Na2CO.i was added. For uniformity, the samples were 
mixed by pipetting in and out of the cuvet several times. The 
cuvets were transfered to the Shimadzu spectrophotometer and 
the absorbance was measured. An outlined description of the 
assay path can be found in appendix C.
The above assay process was repeated far each additional 
klett reading, taking note that when transient behavior was 
studied, twice as many micro-cente'iuge tubes were needed. 
Determination of Secretion rate
When determining the secretion rate of acid pfcospkatase, 
two different quantitative methods were used. Hie first 
determines not only the secretion rate, but also tbe production 
rate. This method has been employed by previous investigators.
It begins with a mass balance of AP attached to the cell wall and 
secreted to the medium.
where:
APs = AP at the cell wall.
Vp, Vs = the production and the secretion rates of AP 
respectively.
(i= specific growth rate (exponential)
APo = AP in the medium 
N = cell concentration or klett.
Cell growth can be determined from the equation:
When equation (4) is substituted into equation (2) for p and both 
sides are multiplied by dt and integrated, the resulting equation
integrating for AP concentration, plugging in boundary conditions, 
and rearranging yields:
( 2 )
= Vp - Vs - pAPs 
d t
d AP,, = VsN
(3) dt
(4) m  = pN
dt
dAPs = I (V„ - Vs)dt - | ~^*dN
N
(5)
APs(t) - APs(o) +
r N(t) 
/N(o) '()
(Vp - Vs)dt
(6)
taking the absorbance values determined by the Shimadzu of the 
cell associated activities at 10 and 20 minutes, and determining 
the slope between them by a least squares fit, the activities APs 
and APsO were determined. These values were determined for 
each klett value taken. The third term on the left hand side of 
equation (6) was evaluated by summing up the cell associated 
activity through use of the trapezoid rule. The right hand side 
was determined by plotting the left hand side by dt. The slope 
which physically represents the build up of AP between the cell 
wall and the cell membrane is the term (Vp - Vs). Values of Vp 
and Vs were determined by integrating equation (2) and solving 
by the trapezoid rule for Vs. Then, (Vp - Vs) was added to Vs to 
separate AP production and secretion.
The second method of analysis was employed to determine 
the AP secretion rate under transient conditions. The reason a 
new methods was employed was that it was difficult to keep the 
secretion rate of the cells at a constant value before the split. 
Thus, there was no relative basis to compare changes in secretion 
rates for step changes in temperature. Therefore, cells were 
grown initially at 30 °C and then step changed to two different 
temperatures. Then, the step change secretion rates of the two 
different temperatures were compared and analyzed relative to 
the initial secretion rate. This enabled conclusions to
10
The analysis method begins with equation (4). Integrating it 
and plugging the boundary conditions yields:
(7 ) N = Noe>“ 
where:
No = initial klett reading 
t = the growth time in minutes.
combining equations (3) and (7) yields:
dA£ = v 8N0ct“
(8) d t
integrating equation (8) and rearranging yields:
AP = AP0 +
where:
APo a secretion of the cells at the step change.
The only unknown in this equation was Vs.|2| All others were 
de'ermined from either experiment or indirect measurement. It 
is important to notice that only Vs was solved for instead of both 
Vp and Vs. The reason, as will be shown later, was that Vp and 
Vs were determined to be essentially identical. Therefore, it was 
necessary to solve only for Vs.
RESULTS AND DISCUSSION 
Steady State Temperatures
Although, cell growth is known to be optimal at 30 °C, AP 
secretion was determined to be optimal at a lower temperature, 
specifically 27,5 °C (appendix A.). The counteractive forces of 
protein folding and cell wall permeability were minimized at this
reduced temperature. Appendix D contains all necessary raw 
data.
The graph comparing secretion rate to specific temperature 
shows two peaks of high secretion. Between these peaks, at a 
minimum, was the secretion rate at 30 °C. 30 °C shows an overall
minimum in secretion for the ranges of temperatures studied.
This result confirms the belief that the optimal temperature for 
secretion and growth were not the same. The trend of AP 
secretion was similar to a study carried out by a previous co- 
worker|3|. However, the peak secretion temperature was 25 °C in 
the previous investigation, shifted to 27.5 °C in this one. Likewise, 
the smaller peak shifted closer to the 30 °C minimum by shifting 
from 35 to 32.5 °C(appendix A.). Furthermore, the rate of 
secretion was overall an order of magnitude higher for these new 
temperature studies than was for the previous ones.
In addition, results show that the rate of AP production and 
secretion were nearly identical. Because Vp and Vs were nearly 
identical, it was difficult to plot the two on the same graph. The 
only way to de-couple these two on the graph, was to use 
different plotting styles. The closeness in the two rates 
demonstrated that the secretion rate remained constant, because 
the AP did not build up within the cell throughout an assay 
(appendix A). In the previous study, Vp and Vs differed by more 
than an order of magnitude.
At a first glance, it is unclear as to why the two studies 
differed in their findings. However, several explanations may be 
offered for the differences in AP secretion results from the two 
studies . First, the working stocks for the two studies were stored 
under the different conditions previously described. The initial 
study was carried out with stock cells being stored in a 4 °C 
refrigerator. These cells demonstrated limited growth at the 
reduced storage temperature. Thus, the number of cells 
containing the plasmid gradually were reduced over time. Under 
cryogenic storage, cell growth and thus plasmid loss were zero. 
Therefore, it was expected that cells under cryogenic storage 
would possess more plasmid containing yeast (ie, more AP) than 
the cells stored under refrigeruted conditions.
Another factor which possibly contributes to the 
discrepancy between secretion results, was that two different 
working stocks of cells were being compared. F.ach stock, once 
transformed, did not necessarily possess the same percentage of 
plasmid containing cells. Thus, even under identical storage 
conditions, different strains could yield discrepancies in secretion 
results.
Transient Temperature changes
Temperature step changes during the exponential phase of 
cell growth to determine if the secretion rate of AP was affected.
It was determined that the rate of secretion was drastically
reduced. Only at a step change to 32.5 was there any initial 
increase in secretion rate (appendix A). However, the secretion 
rate dropped below the initial rate by the completion or the assay. 
The most probable reason for the large reduction in secretion 
rates was that the cells were unable to reach a new equilibrium. 
By practice, systems usually return to steady state after 3 to 4 
residence times. However, experiments on this system were run 
before the completion of a single residence time (see raw data, 
appendix D.). Therefore, it was highly probable that the secretion 
rates may not have been given enough time to reach a new 
equilibrium in which the secretion rate increased past initial 
values.
An interesting result from these transient studies was that 
step changes to lower temperatures demonstrated a gradual 
increase in the AP secretion rate after an initial decrease 
(appendix A). It is possible that the secretion rate will increase to 
greater than the initial rate if it were studied for a longer time 
period. However, the linear region of exponential growth extends 
just past a klett of 100. Therefore, it would be impossible to 
determine changes in secretion rate at kletts greater than 100 for 
this analysis method. Unlike the lower step change temperatures, 
the step changes to higher temperatures did not show an increase 
trend in secretion after the initial decrease. These trends may
confirm prior results that the secretion rate is optimal at 
temperatures lower than the optimal growth tempe.ature.
During the course of the transient studies, the working stock 
of a-FPHO cells died in cryogenic storage. Two new working
stocks were used and compared throughout the duration of 
transient studies. These two new strains were not only different 
form the original strain in their secreting ability, but were also 
different from each other.
These differing results were normalized to initial secretion 
values to hopefully yield consistent results (appendix A).
However, this attempt to normalize was unsuccessful. Although 
the rates were different, trends in secretion rate were similar for 
studies on a given temperature. However, the normalized results 
fail to show similar trends.
Furthermore, experimentation has determined that it was 
necessary to grow the cells in the constant temperature water 
bath at the initial stage (first stage of transient studies). The 
reason was that the air bath was too dependent upon ambient 
conditions which caused the chamber temperature to vary from 
day to day. Thus, the secretion rate varied from day to day.
Liifiriiimc Survey
Little information is available about the temperature 
dependence on secretion. In fact, for comparable results, the 
secretion rates of fungi and bacteria must also be investigated in
addition to yeast. However, as an encouragement, the articles 
presented comment on increased secretion under sub-optimal 
growth conditions.
The first paper discusses the effects of temperature on 
enzyme secretion from the fungi, Trichoderma reesei. The 
researchers observed a four fold reduction in secretion from 37 °C 
to 28 °C |6|. The researchers go on to mention the possibility of 
fermentation optimization under similar conditions.
investigations by Hao |7| and co-workers studying the 
bacteria Bmillus subtilis provided secretion information for 
temperatures of 30, 40 and 45 C. Their results show that 
extracellular enzyme production was greater at 30 °C than either 
40 or 45 °C. In addition, vacations in the cytoplasmic membrane 
are offered as an explanation for the reduced secretion at higher 
temperatures.
Finally, the yeast Lipomyces kononenkoae was investigated 
for its secretion propet ties. The strain demonstrated a 
temperature dependence on the optimal production of cx amalayse 
I8|. This optimal production rate was at a temperature which was 
lower than the optimal growth temperature.
CONCLUSIONS
Under steady state conditions, the optimal temperature for 
secretion of S. pombe acid phosphatase was found to be 27.5 °C.
The trends of AP secretion for the temperature range studied, was 
similiar to the trends found by a previous co-worker. The results 
of this paper confirm the idea that an optimal secretion 
temperature is lower that the optimal growth temperature. At 
this time, it is uncertain as to why secretion is maximized at a 
lower temperature. However, what was concluded was that the 
counteractive forces of protein folding and cell wall permeability 
are minimized at this lower temperature.
Under transient conditions, it was found that the secretion 
rate of AP was drastically reduced when the cells were step 
changed to different temperatures. It was apparent from the 
graphical results, that the secretion rates had not reached a steady 
State value. It is apparent that the cells needed to grow for a few 
more residence times before solid conclusions could be drawn 
•bout secretion changes. However, trends show that for step 
changes to lower temperatures, their is a slight increase in the AP 
secretion rate following the initial decline. This trend is not 
observed for step changes to higher temperatures however.
Although studies could not be carried further to deter mine 
if the secretion rate would increase for a step change in 
temperature, these results may help to confirm that secretion is 
optimal at temperatures lower than the optimal one for growth. 
Hopefully, further investigation will find another analysis method
can determine secretion rates beyond the linear growth 
to confirm these findings.
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Figure 1. Extra cellular secretion of 
Acid phosphatase at selected temperatures
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Figure 2. Production rate o* Acid 
Phosphatase at selected temperatures
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Temperature step changes from 30 C to 
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Figure 5. AP Secretion versus time for 
Temperature step changes from 30 "C 
to 25 and 35 'C
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for step changes to 25 and 35 °C
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APPENDIX B 
PREPARATION FOR 
ACID PHOSPHATASE ASSAY
Appendix B
Preparation for acid phophatase assay
INSTRUMENT PREPARATION
Klett meter
Power on klett meter and light bulb. Allow meter 10 
minutes to warm up before taking readings. After warm up, 'zero' 
the instrument with water. Next, take a reading of the pure 
medic (no yeast), and subtract this value from klett readings of all 
samples taken.
Shlmadzu spectrophotometer
Power on Shimadzu and allow approximately five minutes to 
initialize. After instrument has initialized, set the instrument into 
the attachment mode by pressing (9). Next, select CPS data print 
by pressing (4). On the final screen, set instrument parameter 
numbers:
1 to 435 nm
5 to 435 nm
6 place cuvet containing 3.5 ml of pure p-NPP into blank and
The CPS Cell Temperature Control is connected directly to 
the Schimadzu spectrophotometer. Power on the instrument and 
adjust the set point knob to 20 °C.
Lauda Constant temperature water bath
Turn the temperature select knob to " & Press the " & " 
button and adjust the ” & " knob to 30 °C.
Constant temperature baths
Power on the instruments. Set these baths to desired 
temperatures by adjusting the temperature dial. Allow baths five 
minutes to reach desired temperature. Check actual bath 
temperature with a hand held thermometer. Fine tunc 
temperature dial according to reading on the thermometer. Turn 
on the shaker switch ami adjust the speeds so that both shakers 
are operating at the same speed.
PREPARATION OF SOLUTIONS
22% Trichlfltft Asdic Acid*
Add 250 grams of TCA to 750 ad of water.
Saturated Sodium Carbonate*
Add sodium carbonate to water until it will no longer enter 
solution, (approximately 35 weight%).
p-NPP Solution
A solution of p-NPP should be made up just prior to the 
start of an assay. The reason is that p-NPP is both light and heat 
sensitive and will decompose after long periods o vnosure. It is 
for this reason that the p-NPP is stored in the freezer when not in 
use. P-NPP When in use. the p-NPP solution is to be stored in a 
foil covered beaker. The p-NPP solution used should be 2 grams 
of p-NPP per ml of water. As a good approximation, 55ml of p- 
NPP solution should be made per assay.
* These solutions should be prepared at least a week in advance of 
an assay, and are usually prepared in bulk.
GROWTH MEDIUM
Liquid SD-CAA growth medium v prepared from a bulk 
concentrated IOX solution. The solution \ s then diluted to IX as 
needed, for ease of preparation and uniformity. The table below 
lists the component amount needed for 250 m of IOX solution:
Compound gram
Dextrose 50.0
Sodium Citrate 36.75
Yeast Nitrogen Base 16.75
Casamino Acids 12.50
Citric Acid Monohydrate 10.50
The solution was heated to completely dissolve it, and then filter 
sterilized through a Nalgene filter. The solution was then stored 
at 4 °C.
When solid media was needed such as plates, 1.5-2.0% of 
agar was added to 1 liter of the IX liquid media. This mixture 
was then Autoclaved for 20 minutes at approximately 150 °C. 
After the solution had cooled to
50 °C, It was poured into plates( approx. 15 ml each), where it
a colloidal form. These plates were then
15
MISCELLANEOUS PREPARATIONS 
Pre-warmcd tubes
When the Lauda water bath has reached 30 8C, place 12 (24 
for transient studies) micro-centrifuge tubes containing .6 ml of p- 
NPP each into it. Tubes should be given 15 minutes to reach 
steady state before an assay should be run.
Ice-Water bath
While the tubes are reacting in the constant temperature 
water bath, prepare an ice-water bath. The bath is designed to 
stop the reaction between AP and p-NPP, so the extent of reaction 
can be measured exactly at the desired times.
HLVd AVSSV 
OXIONSddV
9C
1. Allow cells to grow on plate 
for 3 -5  days.
2. Rem ove isolated colony
1. Place Isolated colony In 4 ml 30 °C  
of SD-CAA growth m edia.
2. Grow for 24 hrs.
1. Innoculate with growth m edia
(.15-. 5 m l)
2. Place in w ater bath at desired  
tem perature.
3. Take sam ples at desired M etis
rem ove sam ple, centrifuge, 
and rem ove supernatant
supernatant cell associated
resuspend cells in pH » 4 .0  
buffer
let reactions run for 
10 or 2 0  min
* .........•2>.~ i___________________ ..........................................................
APPENDIX D
RAW DATA

2 5 0.055 0.094 0.009 0.016 0
0.056 0.097 0.009 0.02
45 0.068 0.1 14 0.011 0.026 125
0.067 0.125 0.013 0,028
74 0.07 0.121 0.032 0.065 265
0.083 0.124 0.033 0.065
1/5/91 27.5 C
2 5 0.17 0.308 0.062 0.126 0
0.172 0.306 0.065 0.12
50 0.221 0.41 1 0.123 0.226 135
0.235 0.406 0.118 0.219
7 5 0.248 0.442 0.168 0.319 23 5
0.245 0.45 0.17 0.317
94 0.2 0.377 0.27 0.485 305
0.203 0.365 0.272 0.47
1/7 /91 25 C
24 0.229 N \ 0.11 0.156 0
0.239 0.383 0.11 0.154
50 0.276 0.459 0.182 0.279 230
0.287 0.453 0.178 n.279
82 0.384 0.646 0.232 0.396 445
0.395 0.654 0.239 0.388
94 0.363 0.605 0.303 0.506 510
0.364 0.62 0.314 0.508
Transient Tcii;;*mature Studies
Raw
Data
Klett Cells Supcrntnt Time
(min.)
t o
tniit *
20 min. 10 min. 20
min.
4 /1 3 /9 ! Shift from 30 C to 27.5 and
315 C  - ....... ,__________ .
» C  1 1 ........-
2 5 0.199 0.372 0.1 13 0.169 0
0.221 0.374 0.117 0.162
0.217 0.379 0.114 0.163
48 0.273 0,453 0.171 0.239 8 5
0.273 0.446 0.158 0.241
0.276 0.447 0.167 0.241
Shift to 
27.5 C
6 5 0.322 0.506 0.198 0.326 80
0.339 0.512 0.208 0.322
0.316 0.518 0.202 0.318
8 I 0.332 0.562 0.251 0.413 160
0.334 0.575 0.247 0.412
0.331 0.564 0.249 0.412
Shift to 
32.5 C
7 3 0.271 0.429 0.256 0.397 80
0.259 0.431 0.241 0.398
0.273 0.427 0.25 0.397
97 0.326 0.524 NA 0.42 160
0.322 0.516 0.271 0.417
0.323 0.514 0.266 0.416
4 /18 /91 Shift from 30 C to 25 C and 35 
C
30 C
2 8 0.172 0.236 0.105 0.125 0
0.174 0.24 0.101 0.119
0.175 0.233 0.11 0.121
5 4 0.165 0.22 0.125 0.16 215
0.172 0.222 0.123 0.157
0.161 0.222 0.123 0.152
Shift to 
25 C
6 2 o .  i is 0 . 2 4 9 0 .1 5 1 0 . 1 8 ? 190
0 1 2 2 0 . 2 3 2 £ . 1 4 8 0 - 1 8 4
0 . 1 6 4 0 . 2 4 5 £ 1 3 6 0 . 1 8 4
, ■ , I I L M I S 5 3 5 3 0 .1  J 6 0 . 1 6 2 2 7 0
0.172 0.252 0.126 0.159
0.184 0.246 0.129 0.168
Shift to 
35 C
74 0.142 0.186 0.122 0.17 1 90
0.142 0.183 0.128 0.172
0.151 0.183 0.126 0.168
8 9 0.136 0.172 0.136 0.191 270
0.137 0.171 0.142 0.184
0.137 0.184 0.169 0.179
4/21 /91 Shift from 30 C to 25 C and 35 
C
30 C
27 0.172 0.237 0.101 0.12 0
0.172 0.232 0.103 0.117
0.172 0.233 0.102 0.115
50 0.163 0.22 0.118 0.151 180
0.164 0.215 0.137 0.151
0.167 NA 0.116 0.147
Shift to 
25 C
64 0.183 0.25 0.123 0.162 215
0.176 0.242 0.125 0.165
0.181 0.246 0.129 0.161
7 2' 0.181 0.249 0.142 0.193 300
0.176 0.241 0.139 0.193
0.186 0.25 0.14 0.161
Shift to 
35 C
7 5 0.147 0.188 0.129 0.169 215
0.145 0.188 0.13 0.171
0.147 0.18 0.132 0.181
91 0.144 0.195 0.132 0.185 300
0.143 0.174 0.191 0.184
0.141 0.185 0.143 0.175
4 /2 7 /9 1 Shift from 30 C to 27.5 C w d
M S ________ ___________________
1 30 C
3 2 0.246 0.39 0.124 0.181 0
0.248 0.406 0.123 0.181
0.246 0.405 0.131 0.183
5 2 0.281 0.456 0.173 0.251 80
0.278 0.439 0.166 0.244
0.287 0.476 0.167 0.254
Shift to 
27.5 C
64 0.315 0.518 0.202 0.322 7 0
0.34 0.52 0.204 0.325
0.319 0.524 0.205 0.321
8 I 0.335 0.577 0.28 0.416 135
0.337 0.566 0.247 0.418
0.331 0.563 0.253 0.408
Shift to 
32.5 C
70 0.266 0.422 0.248 0.395 7 0
0.256 0.433 0.239 0.387
0.266 0.427 0.243 0.398
94 0.309 NA 0.249 0.405 135
0.31 0.501 0.263 0.403
0.327 0.505 0.251 0.398
5 /5 /91 Shift from 30 C to 22.5 C and 
37.5 C
30 C
25 0.248 0.442 0.115 0.16 0
0.244 0.439 0.118 0.16
0.262 0.443 0.117 0.152
50 0.261 0.432 0.175 0.258 1 15
0.258 0.451 0.166 0.258
0.263 0.433 0.171 0.261
Shift to 
22.5 C
69 0.261 0.42 6. i n 0,272 85
0.263 0.419 0.172 0.27&
J . I t
0.264 0.416 0.181 0.284
44
89 0.281 0.456 0.224 0.335 165
0.281 0.444 0.216 0.342
0.283 0.447 0.221 0.335
Shift to 
37.5 C
78 0.24 0.389 0.172 0.278 85
0.244 0.392 0.181 0.279
0.239 0.396 0.179 0.283
9 9 0.224 0.357 0.208 0.346 165
0.227 0.341 0.212 0.342
""nn 0.227 0.339 0.215 0.356
5 /7 /91 Shift from 30 C to 22.5 C and 
37.5 C
■MRMW
30 C
2 5 0.251 0.446 0.121 0.158 0
»
0.236 0.448 0.11 1 0.154
0.259 0.442 0.108 0.155
5 0 0.252 0.419 0.162 0.245 105
0.259 0.424 0.169 0.261
0.258 0.438 NA 0 .2 5 ?
Shift to 
22.5 C
57 0.256 0.413 0.17 0.273 7 0
0.261 0.41 0.175 0.276
0.258 0.414 0.171 0.312
87 0.353 0.443 0.211 0.326 145
0.276 0.451 0.219 0.335
0.277 0.454 0.218 0.334
Shift to 
37.5 C
7 4 0.234 0.386 0.165 0.267 7 0
0.232 0.381 0.173 0.264
0.238 0.393 0.167 0.276
93 0.216 0.339 0.199 0.329 145
0.214 0.328 0.204 0.338
0.214 0.348 0.216 0.337
